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In previous papers I  have pointed out (1918,  1920)  that the light. 
producing reaction in the luminous crustacean, Cypridina, is probably 
to be represented by some such equation as 
Lucifefia +  oxygen =  oxylucifefin -}- water 
or, symbolically 
LH,+O=L+I~O 
Luciferin is autooxidlzable and the equation proceeds in the right- 
hand direction spontaneously in  presence  of  oxygen.  No  lumines- 
cence appears, however, unless luciferase, a  thermolabile product of 
Cypridina, is also present.  Whether  luciferase is present or absent, 
the  same  oxidation  product,  oxyluciferin,  is  formed.  Luciferase 
undoubtedly acts  as a  catalyst and accelerates the  reaction, but in 
addition, is absolutely necessary for the production of light.  A  suc- 
ceeding paper deals with the oxidation of luciferin. 
Oxyluciferin can be reduced under the influence of reducing agents 
when hydrogenation can occur.  Symbolically 
L + H~ = LH~ 
The  luciferin is  thus  regenerated.  I  found that  reduction may 
be  brought  about  by  hydrogen  sulfide  or  other  sulfides, by  the 
action of  acids or  alkalies  on metals, whereby nascent hydrogen is 
produced, by palladium and sodium hyp0pho~phite, and by reducing 
enzymes.  The  usual  procedure  was  to  add  the  reducing  agents 
to a  solution of oxyluciferin made by thoroughly boiling an extract 
of Cypridina  in  order  to  destroy the luciferase and  oxidize  all  the 
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luciferin  to  oxyluciferin.  After  allowing  the  oxyluciferin solution 
to stand for some time in contact with a reducing agent, the presence 
of luciferin could be detected by adding luciferase solution and noting 
if any light occurred.  If anyone doubts that reduction of the oxy- 
luciferin is  really  the  phenomenon observed  in  these  experiments, 
I  think the following observations are sufficient to prove conclusively 
the reality of reduction. 
It is  a  well known fact that reduction occurs at the cathode and 
oxidation  at  the anode when an  electric current is  sent  through  a 
solution.  If, between platinum electrodes, a  current is sent through 
an  extract  of Cypridina containing luciferase and  oxyluciferin and 
some NaCI,  to make it a  good conductor, a  beautiful luminescence 
appears  over the  surface of  the cathode, and  none  over the anode. 
With N NaC1,  the luminescence is just visible at 1.8 volts across the 
electrodes and is marked at 2 volts.  This is about the potential at 
which hydrogen first appears in a N NaC1 solution and is very slowly 
liberated  as  bubbles  from  the  electrode.  The  potential  difference 
necessary for luminescence varies with the nature of the metal con- 
stituting  the  cathode.  With  a  platinized  platinum  cathode  and 
smooth  platinum  anode,  the  potential  difference  to  give  a  just 
visible luminescence was 2 volts. 
The explanation of this experiment is as follows:  Nascent hydrogen 
is liberated through decomposition of water by the Na set free at the 
cathode. 
Na -]- HOH  =  NaOH ~  H 
The nascent hydrogen, H, reduces the oxyluciferin to ]uciferin, which 
then oxidizes with luminescence in contact with luciferase and oxy- 
gen, also present in the solution.  Thus we have a  layer of luciferin 
formed in immediate contact with the electrode and just beyond this 
the  oxidation  of  the  luciferin  to  0xyluciferin with  luminescence. 
The NaOH formed is too small in amount to inhibit the action of the 
luciferase.  If  the  NaOH  formation is  too  rapid  the  luminescence 
disappears, since the layer of luciferase in contact with the electrode 
is destroyed or inhibited by the alkali.  This occurs when the poten- 
tial  difference across the electrodes is increased.  By the use of an 
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means of immediately determining that reduction of the oxyluciferin 
has occurred, w~ch is more convenient and rapid than former methods, 
in which I  first  reduced  an  oxyluciferin solution in  the  absence  of 
oxygen and then mixed it with luciferase solution containing oxygen. 
The present method is especially applicable to the study of reductions 
at  the surfaces  of solids and gives us an interesting insight,  as will 
be seen later, into the action of heterogeneous catalysts. 
Not only may the luminescence under the above conditions serve as 
an indicator of reduction of oxyluciferin, but conversely the lumines- 
cence  may  serve  as  an  indicator  of  nascent  or  atomic  hydrogen. 
Hydrogen  from  a  cylinder  will  give  no  luminescence  whatever  if 
bubbled in a  fine stream  or shaken  (so  as  to break it up into very 
minute bubbles)  with oxyluciferin-luciferase-oxygen solution.  Only 
if  the  hydrogen  is  liberated  in  the  oxyluciferin-luciferase-oxygen 
solution so  that  the  hydrogen possesses its  "active"  qualities,  will 
luminescence occur.  The "active" qualities persist only within very 
small distances from the surface of separation, as can be easily dem- 
onstrated  by  this  luminescent  reaction.  The  "active"  hydrogen is 
no doubt atomic hydrogen which changes rapidly in the sense of the 
equation 
2H  --.  H~ 
If  oxyluciferin  can  be  reduced  at  cathodes  during  electrolysis  it 
should be possible to observe reduction of oxyluciferin when present 
in a  fluid serving as  the  electrolyte of  a  voltaic  cell, in which two 
dissimilar metals  are  placed.  It  should also be possible to observe 
reduction of oxyluciferin at the surface of metals capable of liberating 
hydrogen from water.  Both possibilities can be realized. 
The following metals,  arranged in the electrochemical series, were 
available and have been tried:  Na, Ca, Mg, A1, Cr, Mn, Zn, Cd, Fe, 
Co,  Ni,  Sn,  Pb,  (H),  Sb,  Bi, As,  Cu,  Hg,  Ag,  Pd,  Pt, Au,  C.  It 
is  well  known  (1)  that  this  series  has  the  greatest  action  in  de- 
composing water in the order indicated,  (2)  that the metal standing 
foremost in the series will precipitate the metals following it in the 
series from solutions of their salts, and (3) will give rise to an electric 
current with any other metal of the series, when dipped into an elec- 
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that  the  foremost metal  will be negative  and  the  succeeding metal 
positive,  the  foremost metal  forming  the  anode,  and  the  succeeding 
metal the cathode of the voltaic cell. 
In line with these statements  I  find that Mg, A1, Mn, Zn, and  Cd, 
placed in oxyluciferin-luciferase-oxygen solution, luminesce over their 
fresh  cut  surfaces.  None  of  these  metals  liberates visible hydrogen 
from water at room temperature except Mg, but a thin film of atomic 
H  must  be formed  over  their  surface which  is  replaced  as  used  in 
reducing  oxyluciferin,  for the luminescence may last for some time. 
Mg gives off visible H2 and dissolves to form Mg(OH)2 with quite 
an  alkaline  reaction.  This  alkalinity  slowly destroys the  luciferase 
so that  the luminescence  ceases after  a  time.  Na  1 and  Ca liberate 
hydrogen  violently  with  such  rapid  formation  of  strongly  alkaline 
NaOH and  Ca(OH),, that the luciferase is rapidly  destroyed and  no 
luminescence is possible. 
The Zn and A1 used were prepared by the Bureau of Standards  at 
Washington and were the purest that can be obtained. 2  They gave a 
rather  brighter luminescence than  other samples of less pure metals 
so that the luminescence is probably not connected with "local action" 
currents  over the surface of the metal. 
As  I  have  previously indicated,  all  reduction  processes must  be 
carried out in approximately neutral media if we are to test the pro- 
duction  of luciferin  from  oxyluciferin by means  of luciferase,  itself 
so sensitive to acid or alkali.  For this purpose the solution of Mg in 
ammonium salts is a convenient method.  Mg dissolves in ammonium 
salts with the rapid evolution of nascent H  and formation of a double 
salt  of practically  neutral  reaction.  This  forms  a  convenient  and 
efficient  method  of  reducing  oxyluciferin.  The  Mg  wire  glows 
beautifully,  while  bubbles  of  hydrogen  pass  upward  through  the 
oxyluciferin-luciferase  solution.  After  a  time  all  the oxygen is  dis- 
placed  and  the  luminescence  then  ceases.  A  large  amount  of luci- 
ferin now accumulates,  since its oxidation is prevented,  and  this can 
be oxidized with quite a brilliant luminescence by merely inverting or 
shaking the tube so as to dissolve more oxygen. 
1  Na luminesces of its own accord on dissolving in water but this luminescence 
has nothing to do with reduction of oxyluciferin. 
21  am indebted  to Professor Donald  Smith of the  Chemistry  Department, 
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Another  convenient  method  is  the  use  of  aluminum-amalgam. 3 
Aluminum-amalgam  dissolves in water with the  continuous formation 
of nascent hydrogen and insoluble A1 (OH)8 or Al~O3.  If oxyluciferin 
is also present it is reduced to luciferin which gives a bright light with 
luciferase. 
It would seem that these two methods of reduction in neutral solu- 
tion  might  find  a  more  widespread  use in  biochemistry  where  one 
wishes to avoid the often destructive effects of H  and OH ions. 
We  are  now in  a  position  to  describe  the  luminescent  effects at 
galvanic  couples  formed  in  oxyluciferin-luciferase-oxygen  solutions 
plus ~¢ NaC1, to render the solution a  conductor.  If a  strip of Zn or 
A1 or Cd is placed in such a solution, the metals glow spontaneously as 
before described.  A piece of platinum placed in the solution does not 
glow, but if the Zn, A1, or Cd is touched to the platinum, the platinum 
luminesces  quite  brightly,  with  greater  intensity  than  the  Zn,  Al, 
or Cd alone.  At the  same time  the luminescence  of  the Zn,  Al,  or 
Cd  either  fades or disappears.  The  platinum  forms the  cathode  of 
the galvanic  circuit  at which reduction processes occur,  the oxyluci- 
ferin is reduced to luciferin in immediate  contact with the platinum 
and  then  is  oxidized again  with  luminescence by the luciferase  and 
oxygen layer next to it. 
I have tried out a  series of metal combinations in oxyluciferin-luci- 
ferase-NaCl-oxygen solution with  the  results  tabulated  in  Table  I. 
It  will  be  noted  that  there  is  no  relation  to  the  calculated  E.M.F. 
which such cells should give, based on electrode potentials in N solu- 
tion  of the ions of the metal  in question.  Thus,  Zn touched to Fe 
will cause the Fe to glow when the ~..M.F. is only 0.77  -- 0.46  =  0:31 
volt, while Fe touched to Pt will not cause the Pt to glow although 
the  ~..~.P.  is  0.46  +  0.86  =  1.32  volts.  Only  those  metals  which 
luminesce spontaneously in oxyluciferin-luciferase solution will cause 
a  nobler metal in contact with them to luminesce. 
Attention  should  also  be  called  to  the  fact,  that,  judging  by its 
position  in  the  electrochemical  series,  Cr  should  luminesce  spon- 
taneously, but does not show any indication of luminescence in con- 
tact with oxyluciferin-luciferase solution.  This unexpected behavior 
a To prepare  this it is sufficient to dip aluminum shavings or wire for a few 
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is possibly due to formation of a resistant film of oxide over the surface 
of the chromium. 
In  the  above  experiment with Zn-Pt  couples we  really  have  an 
example of electrochemical action at a distance.  The Zn and the Pt 
can be placed in separate containers connected by a salt bridge.  The 
Zn is surrounded by NaC1 solution and the Pt by NaCl-oxyluciferin- 
luciferase-oxygen solution:  No  luminescence is  to  be  observed  in 
either container until the Zn and Pt are connected by a wire, when the 
Pt surface will luminesce beautifully. 
It should be possible to construct another type of oxidation-reduc- 
tion cell in which the reduction of oxyluciferin takes place at a distance, 
but using the same metal for each electrode, and, as a reducing agent, 
a  solution  which  will  cause  reduction  when  mixed  directly  with 
oxyluciferin.  The  above  can  be  realized  by  the  following  device 
similar to Ostwald's well known liberation of iodine from KI (oxida- 
tion) by Br water at a distance. 
A vessel, A, is filled with oxyluciferin-luciferase-NaC1 solution and 
a Pt electrode; another vessel, B, is filled with Na~S solution and apt 
electrode.  A  salt bridge connects the two.  No luminescence is  to 
be observed until the two Pt electrodes are connected by a  metallic 
conductor.  Then  the  oxyluciferin in A  is reduced in  contact with 
the  electrode and luminesces when oxidized again, just beyond  the 
electrode layer.  The equation representing the change is 
L+2HOH+Na~S  =LH~+2NaOH+S 
Sulfide ions give up negative charges at the anode (oxidation), while 
H ions lose positive charges at the cathode and reduce the oxyluciferin. 
It is also possible to reduce oxyluciferin in presence of molecular 
hydrogen provided that  a  catalyst  is  present.  As  is  well  known 
(Maxted,  1919;  Rideal  and  Taylor,  1919),  there  are  two groups of 
catalysts used in hydrogenation processes in the industries;  namely, 
the Pt (Pf, Pd, Ru, Ro, It, Os)  group and the Ni  (Ni,  Fe,  Co,  Cu) 
group. 
Pt and Pd are active examples of the first group.  A palladinized 
surface, if saturated with hydrogen and then placed in oxyluciferin- 
luciferase-oxygen solution,  will  glow  beautifully.  No  luminescence 
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continuous  luminescence  appears  if  hydrogen  from  a  cylinder  is 
bubbled  through  an  oxyluciferin-luciferase solution  which  contains 
palladinized gauze.  It is not necessary that the hydrogen be in  the 
atomic or nascent  condition in  contact  with the  palladium.  Mole- 
cular hydrogen in contact with palladium is converted into  the active 
state  as  is  evidenced by  the  luminescence in  the  above  mentioned 
experiment.  We may therefore conclude that  the reason palladium 
acts  as a  catalyst is  because of its power to  convert molecular into 
atomic hydrogen. 
It may perhaps be noted in passing that we have here a  means of 
producing  a  luminescent lamp  which would  burn  for  an  indefinite 
time provided a slow stream of hydrogen and oxygen be supplied. 
A large palladinized surface would continually reduce oxyluciferin 
which would just  as  continually reoxidize with luminescence in  the 
presence of luciferase and oxygen.  The reactions are 
L+H~+Pd=LH2+Pd 
LH, +  O +  luciferase =  1-120 +  L  +  luciferase 
Crossing out the members on each side of the two equations, we see 
that the permanent chemical change is  the union of H~ +O to form 
water.  Pd and luciferase are catalysts.  So long as atomic hydrogen 
and oxygen are present, we should have this  double cycle of  events 
occurring and luminescence would cease only when secondary changes 
in the luciferin, luciferase, or palladium occurred. 
It is a well known fact that hydrogenations involve the production 
of heat.  In the hydrogenation of some oils,  artificial cooling must be 
resorted to.  In the reverse process of  dehydrogenation heat is  ab- 
sorbed.  The  equilibrium  equations  for  oxidation of luciferin might 
be represented thus 
LH2~--L+H~--xCal. 
1-I2 +  O .~- H20 +  58.3 Cal. 
The process would be similar to the oxidation of  an  alcohol 
CH~CH~OH  ~- CH, CHO +  H~ -- 11.5 Cal. 
H2 +  O ~  1-120 +  58.3 Cal. 
According to Rideal (1921)  the heat absorbed during dehydrogena- 
tion of ethyl alcohol is  11.5  Cal. per gram mol.  Where one reaction 
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heat produced nearly to balance the heat absorbed, and consequently 
for very little  temperature change to  accompany the process.  No 
definite temperature change has as yet been demonstrated to accom- 
pany animal luminescence. 
Another method of producing a continuous luminescence is to place 
a  palladinized  surface in  contact  with  oxyluciferin +  luciferase + 
NaHP02.  The  sodium hypophosphite  acts  as  an  oxygen  accepter. 
The Pd under these conditions can decompose water.  The oxygen of 
water is  taken by the NaHPO2 which forms NaHPO~ while the  H~ 
reduces the oxyluciferin.  Under these  conditions  the  luminescence 
should last as long as there is any NaHPO2 and oxygen left in solution. 
It is very likely that living organisms whose luminescence is intra- 
cellular, utilize their store of luciferin over and over  again.  While 
it  has  been  tacitly  assumed  that  luminous  bacteria,  for  instance, 
continually produce luciferin, which is oxidized to some waste product 
and excreted, we may quite as logically believe that luciferin is oxi- 
dized in  one  part  of  the  cell and  oxyluciferin reduced in  another, 
these processes forming a continuous cycle, such as may be imitated 
under  the  chemical  conditions  previously  discussed.  There  is  a 
growing conviction  that  in some regions of  the  cell oxidations pre- 
dominate, in other regions reductions occur.  If we may assume that 
such conditions exist in the photogenic cell, another marvel of economy 
in the living world is presented.  Not only is living light most efficient 
in its  physical make-up,  containing only those  wave-lengths which 
affect the eye, but also most economical in the utilization of chemical 
material,  the  organism employing a  reversible luminescent reaction, 
whose equilibrium  may be  shifted in  one  or  the  other direction in 
contiguous regions of the same cell. 
SUMMARy. 
Oxyluciferin may  be  reduced  to  luciferin  at  cathodes,  when  an 
electric current is passed through the solution, or at cathodes formed 
by metal couples in  solution,  or at  cathodes of oxidation-reduction 
cells of the NaC1 -  Pt -  Pt -  Na~S type.  It is also reduced at those 
metal surfaces (A1, Mn, Zn, and Cd) which liberate nascent hydrogen 
from water, although no visible hydrogen gas separates from the sur- 
face.  Molecular hydrogen does not reduce oxyluciferin even though 284  :ELECTI~OI~-EDUCTION OF  OXYLUCIFERIN 
very  finely  divided  but  will  reduce  oxyluciferin  in  contact  with 
palladium.  Palladium  has no  reducing  action except in presence  of 
hydrogen, and apparently acts as a  catalyst by virtue of  some power 
of  converting  molecular  into  atomic  hydrogen.  Conditions  are  de- 
scribed  under which a  continuous  luminescence  of  luciferin  can  be 
obtained.  This luminescence may be used as a test for atomic hydro- 
gen.  It is suggested that  the steady luminescence of bacteria is due 
to continuous oxidation of luciferin to oxyluciferin and  reduction  of 
oxyluciferin to luciferin in different parts  of the bacterial cell. 
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